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A liquid-hydrogen fue l  system w-as developed to operate one of the 
t u r b o j e t  engines in  a twin-engine l ight  omber at an alt i tude of 50,000 
feet  and a f l i g h t  Mach number of  0.75. A ram-air heat exchanger was used 
i n  th i s  fue l  system t o  vaporize the 1iq e id hydrogen. 

The heat exchanger was  evaluated  in an a l t i t ude  test chamber at the 
W A  Lewis laboratory i n  conjunction with the complete &ircraf% f u e l  sys- 
tem. The experimental results presented in  this report  indicate that a 
ram airflow of 1.76 pounds per second was sufficient t o  vaporize 565 
pounds per hour of fuel. At this condition  the *-side temperature dmp 
was 6 2 O  R, the average tube wall temperature w a s  346O R, and the heat- 
transfer  coefficient between the tube nail and the f'uel was about 69 
B t u / ( W  (sq f i >  (9) > 

Some f u e l  system instabi l i t ies  were encountered during the iwesti- 
gation. Although these could  be of a very serious  nature,  in this case 
they did not hamper flight  operations. 

The problems involved in  the use of high-energy fuels f o r  obtaining 
increased  range and altitude  capabilities f o r  miLLt8x-y aircraft axe cur- 
rently under study. Liquid hydrogen is one such fue l  which is attractive 
because of its high heat of combustion and i ts  potentiali t ies as a heat 
sink f o r  cooling. The structural problems imposed by the high temperatures 
assoclated a t h  high flight .speeds will present major difficulties  unless 
many aircraf t  and engine components are cooled. An a-sia of the ad- 
vantages of hydrogen at3 a coolant and the potential  increases  in aircraft 
range and altitude  are  presented  in  reference 1. The lnedium used for  
cooling the aircraft  structure,  turbine,  afterburner  liner, and aircraf t  
component parts may include ram air, compressor bleed alr, or exhaust gas 
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A project was established at the NACA Lewis h b o r a t o r y   t o  study the 
problems associated with the use of  hydrogen i n   a i r c r a f t  by developing 
and flight tes t ipg  a complete  hydrogen  f'uel  system. The project  involved 
the modification of an exis t ing twin-engine l i g h t  bomber to  include  the 
hydrogen fue l  system. The f u e l  system was designed t o  operate one of  the 
two turbojet  engines  in the aircraft for  1 /2  hour at an   a l t i tude  of 50,OoQ 
f e e t  a t  a f l i g h t  Mach number of 0.75. L i q u i d  hydrogen was stored Fn a wing- 
t i p  f u e l  tank, vaporize.d.in a ram-air heat exchanger,  and  burned tn   the  
t u r b o j e t  engine which was modified f o r  u6e w i t h  e i ther  Jp-4 or  hydrogen 
fuel. Since the heat-sink  potential  of the f u e l  waa no t  u t i l i zed  i n  t h i s  $ 
i n i t i a l   a i r c r a f t  f u e l  system, the heat exchanger was designed  merely t o  C 
vaporize the f u e l  i n  order  to  provide a uniform f l u i d  for  control  purposes. v 

" 

The complete hydrogen f u e l  system was operated i n  conjunction with 
the  turbojet   engine  in   au  a l t i tude test chamber p r i o L t o  flight testing. 
This report  presents a description  of the ram-air heat exchanger and 
summarizes the heat-exchanger  performance data obtained  during  the a l t i -  
tude test chamber investigation. In  additfort, a discussion of the in- 
strumentation used f o r  low-temperature measurements is included. 

The fue l  system used-for t h i s  investigation and the   a i r c ra f t  flight 
t e s t s   ( f i g .  1) was designed to  operate one engine  with hydrogen for  ap- 
proximately 1/2 hour a t  an a l t i tude  of 50,000 feet and a f l i g h t  Mach number . 
of 0.75. Eydrogen was .  s tored as a l i q u i d  i n  the  wingtip  tank which wae 
insulated wi th  a polystyrene foam p la s t i c .  A complete description of the 
f u e l  tank is included  imreference 2.  A helium gas pressurizing syetem 
w a 6  used to   force  the f u e l  through the system to  the combustor. Vacuum- 
insulated  piping w a s  used between the tank and the heat exchanger to   p re-  
vent  vaporization  in the l i q u i d  flow line.. The cold hydrogen gae was con- 
ducted from the heat exchanger  through a hydrogen flow llegulator  to the 
turbojet  combustor. A description of the regulator  and the combustor 
together with t he i r  performance is contained i n  references 3 and 4. 

The heat exchanger w a s  included  in t h i s  f u e l  system t o  provide a 
uniform f l u i d  as a vapor to  simplify f u e l  flow control.  This heat ex- 
changer was designed to  vaporize  the 520 lb/hr of  hydrogen required by 
the  engine a t  the selected  fl,ight  condition.  In  order t o  minimize 
engine  modifications, r a m  air w a s  chosen for  the heat BourcE: instead of 
compressor bleed air or  exhaust gas. Since the cooling  potential  of the 
f u e l  w a s  no t   u t i l i zed   in  this i n i t i a l  aircraft f u e l  system, the e n t i r e  
difference between t o t a l  and s t a t i c  pressures associated with the flight 
condition w&9 avai lable   to   force air through the heat-exchanger  core  and 
essociated  ducting. To prevent the formation of l iqu id  or s o l i d  air on 
the heat-exchanger  tubes,  the  unit was sized&q  maintain pll temperatures 
well above the boiling  point of air (approx. -140' R). 

. 
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The requirements of the heat exchanger which were specified by the 
selected flight and engine  operating conditions at 50,000 feet  are summa- 
rized as follows: 

Inlet air tot& temperature, OR . . . . . . . . . . . . . . . . . .  437 
Inlet  air t o t a l  pressure,  lb/sq ft abs . . . . . . . . . . . . . .  353 
Altitude  static  pressure, lb/sq ft &IS . . . . . . . . . . . . . .  243 
Fuel flow, lb/br . . . . . . . . . . . . . . . . . . . . . . . . .  520 
Fuel pressure,  Ib/sq in. abs . . . . . . . . . . . . . . . . . . .  55 
Inlet   fuel  temperature, 9 (saturated  liquid) . . . . . . . . . . .  46 
M e  w a l l  temperature, OR . . . . . . . . . . . . . . . . . . . . .  >140 

A schematic -am of the heat exchauger used i n  this .investigation 
and for  the aircrsf t flight tests i s  presented in figure 2. The heat- 
exchanger core was constructed  in a s-le crossflaw m'rangemnt using 
short  finned tubes manifolded together at the  top Ebnd bottom t o  provide 
vertical  flow of the fuel  inside the tubes. This configuration was used 
i n  811 effort t o  avoid the severe unsteady f l o w  conditions  reported in 
references 5 and 6. The unit reported in reference 5 w-as constructed by 
using a multipass arrangement of finned tubes which resulted i n  long 
narrow fuel passages. It was believed that the f low instabi l i t ies  were 
a result  of the long narrow fuel passages in the heat exchanger. In the 
present  investigation  liquid hydrogen entered  the b o t t o m  manifold and 
was vaporized  inside  the  tubes by the ram air  flawing over the external 
f i n s .  Hydrogen gas was collected i n  the upper m o l d  where splash 
plates were ins ta l led   to  minimize l iquid carryover. The inlet and outlet 
manifolds were of welded stainless-steel construction  silver-soldered t o  
the capper tubes.  Integral finned copper tubes were selected for this 
core t o  ensure good them contact between the fins and the tubes. A 
photograph of the inle t  air side of the heat exchanger is presented i n  
figure 3, and the dimensions of the tubes and the core a m  summarized as 
f o u m  : 

Integral  finned copger tubes 

Length,in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
Inside diameter, in. . . . . . . . . . . . . . . . . . . . . . . .  518 
W a l l  thickness, in. . . . . . . . . . . . . . . . . . . . . . . .  0.049 
Fin  spacing,  fins/in. . . . . . . . . . . . . . . . . . . . . . . . .  7 
Fin outside diameter, in. . . . . . . . . . . . . . . . . . . . . . .  
Mean fin  thickness,  in. . . . . . . . . . . . . . . . . . . . . .  0.024 4 
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Tota l  numberof tubes . . . . . . . . . . . . . . . . . . . . . . . .  28 
Width (normal t o  fuel  and air flows), i n .  . . . . . . . . . . . . . .  
Height paral le l   to   fuel  flow), in. . . . . . . . . . . . . . . . . .  1 2  
Length I paral le l   to  airflou), L, in. . . . . . . . . . . . . . . . . .  7 
Frontal  area, sq ft . . . . . . . . . . . . . . . . . . . . . . .  0.813 
Ratio of free flow "ea o n  air .side to   f rontal   area . . . . . . .  0.475 
Air-side  heat-transfer  area, sq f't . . . . . . . . . . . . . . . .  45.9 
Fuel-side  heat-transfer  area, sq f t  4.6 

. .  . . . . . . . . . . . . . . . .  

Altitude Test Chamber 

A photograph of the  alt i tude  test  chaniber installatian of the hydro- 
gen fuel system including  the  turbojet engine is  presented in  figure 4. 
The  component pxrts of the system axe identical  to  those  later  installed 
f n  the aircraft. The heat-exchanger manffolds were insubted wi th  a 
plast ic  foamed in  place to simplify the  evaluation of heat-exchanger per- 
formance-by minimizing b a t  leak t o  these -,ea$. A bulkhead wtth a laby- 
r inth  seal  around the:  engine in le t  w86 used. t o  allow independent control 
of the  engine-inlet  total  pressure and the al t i tude  s ta t ic  pressure. Ram 
air for the heat exchanger was obtained ahead UT t h i s  bulkhead. The outlet 
air side of the  heat .exchanger was open t o  the engine compartment (alti- 
tude static  pressure). A butterfly  valve  in the heat-exchanger inlet  duct 
was provided t o  adjust  the ram airflow. 

Instrumentat ion 

The evaluation of heat-exchanger performance is  dependent upon the 
measurement o f a i r ,  fuel, and tube wall temperatures. Copper-constantan 
thermocouples referenced  to  liquid  nitrogen,  boiling at atmospheric pres- 
sure, were used t o  measure the  inlet  and outlet air temperatures as well 
aa the tube wall temperatures. 

The sensitivity of a thermocouple to-temperature changes decreases 
rapidly as the temperature level is reduced. The variation of signal 
strength with teqerature  for a  copper-constantan thermocouple is shown 
i n  figure 5. - For temperatures in  the r of l iquid hydrogen (40~ t o  
60° R) a signal strength of only 0.005 a is obtained.  Rarever, i f  . ." 

the chan@e in resistance of a carbon resistor is calibrated  with tempera- 
ture for a constant  current flow, a signal strength of 0.215 mv/% can be 
obtained i n  the same temperature range (fig. 5). Therefore, carbon re- d 

sis tors  were used t o  measure the temperature of the fuel at the in le t  and 
outlet of the heat exchanger. The circuitry necessary t o  use a carbon 
resistor i s  shown In figure 6 with the dimensiolls of the particular probes - 
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used in  th i s  investigation. A constant  current of 0.1 mflliamp was 
supplied to  the  resistor with the  6-volt  battery, and the recording po- 
tentiometer w a s  used t o  measure the voltage drop across the resistor. 
The current  flow w a s  measured with the 150-ohm precision  resistor and 
adJusted with the variable 5000-ohm resistor.   Briodic checks of the 
current flaw were made t o  ez1Gu-e consistent results. 

The location of the --side heat-exchanger fnstrumentation is shown 
schematically in   f igure 7 .  Total-pressure and -temperature  surveys were 
made in the airstream at the inlet and outlet of the core  (stations 2 and 
3). The r a m  airflow was measured i n  the 7-inch-diameter duct ahead of the 
care  (station 1) because the MEtch nuher  at this station was considerably 
higher  than st the heat-exchanger inlet. The temperatures of the tube 
w a l l s  were measured w i t h  copper-constantan  therimcouples peened into the 
w a l l  at the base of the f ins .  lead wires were  wrapped  once amund 
the t e e   i n  the spiral spaces -between the fins t o  minimize conduction 
e m s .  FoW thermocouples were attached t o  each of two tubes in  the 
banhs of tmes at the air inlet and outlet of the heat exchanger. Their 
actual  locations are shown i n  the photograph of the inlet alr side of the 
core (fig. 3) . 

The heat exchanger w a s  operated i n  conjunction with a turbo  jet  engine 
i n  an al t i tude  tes t  chamber. To minimize the time required to cool the 
fuel system t o  its steady-state  operating  condition, the heat exchanger 
was cooled wfth ram air before starting the f l o w  of hydrogen. In addition, 
the ram airflow was maintained at a low value after start ing until the 
heat-exchanger-outlet fuel temperature  decreased t o  about l4Oo R. The 
ram air was  supplied at total temgeratures  ranging from 430° t o  451° R 
with a moisture  content of less than 0.5 grain per ’pound of dry air. ’The 

heat-exchanger-inlet t o t a l  ;pressure was varied from 250 t o  400 lb/sq ft 
abs to  obtain a range of ram airflows. The range of fue l  flows and ram 
airflows included i n  th i s  investigation is summarized in  the  following 
table : 

Alrf low,  wa, Fuel flow, wf 
lb/sec lb/hr 

351 to 505 
151 t o  518 
265 t o  622 

0.361 t o  1.87 
.537 t o  2.w 
-495 to 1.83 
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(All symbols are defined in  appendix A. ) An attempt waa made to  calculate 
fuel  flow from measurements made with a venturi  located in the gas l ine 
between the hydrogen regulator and the engine. Hmwever, these  results 
were inconsistent because the exact thermodynamic s ta te  of the gas could. 
not be determined at temperatures  close t o  that of the  liquid.  Erratic 
changes in  the  heat-exchanger-outlet  temperature  indicated that some l iq -  
uid  carryover wss taking  place. Therefore, the fuel  flaw rates presented 
were calculated from the performance of the  turbojet engine with an assumed 
combustion efficiency of 98 percent  (ref. 3). lb 

. .  a" 
RESULTS AND DISCUSSIOIV 

Calculated Heat -Exchanger  Performance 

The heat exchanger was designed t o  supply the  latent  heat of vapori- 
zation of 520 lb/hr of liquid hydrogen using ram air as a heat  source. 
The  methods  of calculation used i n  the heat-exchanger design are presented 
in  appendix B where the performance o f  the heat exchanger is  calculated 
far the design  conditions. These calculations  indicated that an a i r f l o w  
of 1-75 lb/sec would be  sufficient  to  vaporize 520 lb/hr of fuel and thst 
the  air-side temperature drop would. be 57.80 R. The average tube wall 
temperature computed f o r  the design condition waa 309O R, and the  fuel-side 
f i l m  coefficient was 71.5 Btu/(hr)  (sq f t >  (9). Because of the high wall 
temperatures  necessary t o  prevent  the  formation of liquid air, the  heat 
exchanger was forced t o  operate in   the f i l m  boiling  region. Reference 7 
indicates that hydrogen boils i n  this region when the temperature diff'er- 
ence between the  tube w a l l  and the  liquid is above 10' R. 

For an airflow of 1.75 Ib/sec and a fuel flaw of 520 lb/br the 
total-pressure loss on the air side of the heat exchanger was calculated 
t o  %e 53 lb/sq f t .  

Experimental Heat-&changer  Performance 

The heat-exchanger performance data obtained  during this imrestiga- 
tion  are  presented in table I. 

Air-side totsl-pressure loss. - The variation of the air-side t o t a l -  
pressure-loss  ratio (P2 - P3)/P2 with  corrected ram airflow is presented 

i n  figure 8 f o r  three  fuel f l o w  rates. The ram airflow waa corrected t o  
NACA standard  sea-level  conditions by use of the conventional  parameters 
oftemperature  ratio 8 and pressure  ratio 6 t o  account for  variations 
i n  inlet conditions  (ref. 8). The design airflow of 1.75 lb/sec at the 
50,000-foot flight condition corresponds t o  a corrected  sea-level ELirflow 
of 9.7 lb/sec  for which a total-pressure-loss  ratio of 0.175 w-as obtained. 



NACA RM E57FI-4 r 7 

Lo 

This amounts t o  a total-pressure loss of 62 lb/sq ft for  the design air- 
flow. The effect of fue l  flow on the &-side total-pressure-loss  ratio 
could not be detected within the range of fuel  flows investigated. 

Vaporization  capacitx. - The ab i l i ty  of the  heat exchanger t o  vapor- 
ize fuel can be i l lustrated by the r a t i o  of  the  heat lost by the air t o  
the  latent heat of vaporization of the fue l  flowing through the heat 
exchanger. Values of t h i s  enthalpy r a t i o  equal t o  1.0 indicate complete 
vaporization of  the  fuel  while  values  greater  than 1.0 show a degree of 
superheating. Enthalpy ratios below 1.0 indicate incomplete vaporiza- 
t ion and may be  interpreted as fuel quality) that is, a weight r a t io  of 
gas flow to t o t a l  flow. TBe enthalpy ratla is plotted 8 s . a  function of 
ram airflow  in  figure 9 (a) for three  fuel flows. With a fuel flaw of 522 
lb/hr an airflow of 1.4 lb/sec was rebuired  for complete vaporization. 
The maximum fuel  flow which could be completeJy vaporized by this heat 
exchanger was 565 lb/hr as sham i n  figure 9 wkre enthdpy r a t i o  is pre- 
sented as a function of fue l  flow for three airflow rates. The airflows 
investigated  are limlted t o  a range f r o m  1.76 t o  2.12 lb/sec and resulted 
i n  grou ing all the data around a single curve. Fuel flaw rates  less  than 
565 lb$r were superheated by the airflows presented 88 indicated by values 
of the enthalpy r a t i o  greater than 1.0. 

Fuel temperature rise. - The amount of superheat  obtained is sham 
in  f igure 10  ere fue l  temperature rise is presented as a function of 
fuel  flow for three airflows. The apprent   scat ter  .& these data wss 
attributed to the erratic  nature of the  fuel  outlet  temperature  probably 
caused by a s a l  degree of l iquid carryover from the  heat exchanger. 
Because of the  scatter only two curves  could  be drawn, one for  airflaws 
of  1.76 and 1.83 lb/sec and one f or an airflow of 2.12 lb/sec. For the 
lower ram airflows  the amount of superheat vmied from about 30° R at 8 

fuel flow of 300 lb/hr t o  zero at a fue l  flow of 565 lb/hr. 

Tube w a l l  temperature. - io prevent the formation of liquid or solid 
air, the  heat exchanger was operated with tube w a l l  temperatures well 
above the  boiling  point of air. The average tube d l  temperatures for 
the banks of tubes at the air inlet and o d l e t  of the heat exchanger are 
presented as functions of fue l  and akflows in figure 11. The individual 
temperature measurements, located as sham i n  figure 3, were arithmeticdly 
averaged fo r  the inlet and outlet banks of tubes. The average tube t e m -  
perature on the air outlet side increased from about 220° to 340° R as 
the a i r f low was increased from 0.4 t o  2.2 Ib/sec with a fuel flow of 522 
Ib/hr . The effect of varying  fuel f l o w  from 522 to 613 l&/hr was  not 
discernible. The inlet bank of tubes was about 50' R warmer than  the 
outlet bank of tubes. The effect  of fue l  f l o w  on the average tube w a l l  
temperatures  (fig. 11) indicates very little change i n   all temperature 
through a wide range of fue l  flow f o r  the ai r f low rates investigated. 
For example, with an airflow of 2.12 1b/sec the average slr inlet w a X L  
temperature  decreased f 'rom 3820 t o  3760 R as f u e l  flaw was  increased from 
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300 t o  600 lb/hr. A comparison  of both parts of figure 11 shows that the 
tube w a l l  tempmatures were  more sensitive to changes i n  airflow than 
fuel flow.  

Fuel-side  heat-transfer  coefficient. - The fuel-side heat-trm&er 
coefficient was calculated f'rom an average of all the tube wall tempera- 
ture measurements and the average enthalp;y drop of the &. No attempt 
was ma& t o  refine the calculations t o  account for heat transfer through 
the inlet  and outlet  fuel manifolds. The fuel-side heat-transfer coeffi- 
cient is presented  as a function of fuel flow for three airflow rates in 
figure 12. The data for the  three airflows Were grouped around a single 
curve.  Figure  13 s h m  that the fuel-side  heat-transfer  coefficient  in- 
creased *om 50 t o  70 Btu/(hr) (sq f ' t )  (9) as fuel flow was increased from 
150 t o  600 l'/br for an airflow ratige from-1.76 t o  2; 12  lb/sec. 

Air temperature r ise .  - Although the cooling capability of the fuel 
was not util ized in this investigation,  the  extent t o  wfiich air can be 
cooled by the vaporization of liquid hydrogen is of interest. The average 
temperature  drop of the air is  presented i n  figure 13 as a function of 
both  airflow and f u e l  flow. The temperature drop of' the air varied from 
about 135O R at 821 airflow of 0.4 lb/sec t o  50° R at an airflaw of 2.2 
lb/sec for  a fie1 flow range fkom 522 t o  613 lb/hr. The effect of fuel 
flow on the temperature drop of the afr was not pronounced. For -le, 
w3th an &flow of 1.83 lb/sec  the  temperature &op of the afr increased 
*om about 40° t o  600 R as  the  fuel f l o w  was increased from 150 t o  525 
lb/hr . Comparison of figures 13 and 11 shows that the air temperature 
drop follows the  trends observed f o r  the average tube WaJl temperatures. 

Temperature profiles. - Some insight  into  the  variation of the fuel=- . . - 
side heat-transfer  coefficient along the length of the  tube can be ob- 
tained from the  a i r  and t&e wall temperature profile  since any change in  
coefficient would be reflected i n  these  profiles. Typical w a l l  tempera- 
ture  profiles measured along the  inlet add outlet  tubes o f t h e  heat ex- 
changer are presented in figure 14 for several fuel and air  f lows.  The 
tube walls are colder  near  the top and bottom manifolds because of' conduc- 
t ion from the w a r m  tubes to  the  cold. manif'olds. .. 

I 

. . . .  

Air temperature  gradients at the i n l e t  and outlet of the core. Were 
measured at  the same conditions as the wall temperatures and axe p r e s e n t e i l  
i n  figure 15. The iu le t  air w a s  warmer near the duct xsllls because the 
altitude test chamber was warmer than the ram-air supply. The outlet air 
temperature profile was of the  8me  general shape as the tube wall tempera- 
ture profile. Since no discontinuities were observed in these  temperature 
profiles and their shapes were unaffected by changes in  fuel flow, it is 
believed that no abrupt change in  fuel-side  heat-transfer  coefficient . 
existed along the  length of the  tubes. It is  further belLeved that the 
tube  walls were covered by a layer of gas surrounding a core of boiling 
liquid. The boiling within  the t a e s  was probably  very vfolent, This c 
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broke the  liquid  into small  droplets some of which were probably carried 
into  the upper manifold. As the dmplets  struck  the  splash  plates  in  the 
upper manifold, they uiay have been co1lected"bo some extent and fallen back 
into  the  tubes. Some l iquid c&yaver was evidenced by the er ra t ic  be- 
b v i o r  of the fuel outlet temperature as mentioned previously. 

R e U a b i l i t y  

The heat exchanger w a s  operated  for 23 hours during the development 
of the aircraf t   fuel  system. During this time 38 runs were made. In each 
run  the  heat-exchanger-outlet  fuel  temperature w&8 forced t o  decrease from 
about 5000 to  100° R i n  about 30 seconds. No failure of the welded or 
silver-soldered  joints  in the heat exchanger was encountered during the 
investigation. 

The engine was operated  stably  wlth a6 much 86 50-percent-unvaporized 
fuel leaving the heat exchanger. I n  these cases a fairly uniform m f x t u r e *  
of gas and liquid must have been present at the &&-exchanger outlet. 
This was probably due t o  the violent t2pe of b o m n g  i n  the heat-exchanger 
tubes and the use of splash  plates i n  the upper manifold as mentioned 
previously. 

c': 
55 

Some oscillations of f u e l  f low were encountered during the i n i t i a l  

portion of some of the runs  and caused variations  in engine  speed of &l.- 1 
2 

percent  (ref. 3). Although not  generally  acceptable,  these  instabilities 
could be tolerated for the f l igh t   t es t s  of this initial hydrogen fuel  
system because their effect on aircraft performance was small and they 

in  reference 5, however, the f'uel system was  so unstable that an  automatic 
high-response control had to  be used t o  permit  engine operation. It is  
believed that the   ins tab i l i t i es   in  liquid-hydrogen fuel systems originate 
in  the heat exchanger. However, the exact mechanism 02 these  instabili- 
ties is  not  understood. Therefme, further research is required  before a 
completely satisfactory heat exchanger can be designed. 

- ' damped out  within 10 minutes of operation.  In  the  investigation  reportea 

The heat exchanger of this report was examined several times for  ice 
formation imrnediately after hydrogen operation with ram a3r sti l l  flowing. 
No ice was found on the tubes, The ram air used for this investigation 
had a moisture  content of Less than 0.5 grain  per pound of d r y  air. Ice 
formation on the heat-exchanger tubes ?nay become important i n  the design 
of heat exchangers t o  operate at lower altitudes where  more moisture is - present i n   t he  air. However, further  research is requbed  to  determine 
the quantity of moisture which can be  tolerated and the nat.ure of the 
ice f ormt  ion. 

- 
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A ram-air  heat exchanger w a s  bu i l t  to vaporize the liquid-hydrogen 
required by a turbojet engine at an al t i tude of 50,000 feet  and a flight 
Mach number of 0.75.  The heat exchanger was designed to vaporize 520 
pounds per hour of liquid hydrogen using 1.75 pounds per second of ram 
air as a heat  source. The predicted performance of the heat exchanger 
agreed fairly closely wfth the experimental results. 

Ekperimentd  results  presented  in this report  indicate that a ram 
airflow of 1.76 pounds per second was sufficient t o  vaporize 565 pounds 
per hour of fuel. At this condition the air-side temperature drop was 
6z0 R. The heat-transfer  coefficient between the fuel and the tube waLL 
increased from 50 t o  70 Btu/(hr) (sq f t )  (%) as fuel  flow was increased 
from 150 t o  600 pounds per hour f o r  an sirflar range from 1.76 t o  2.12 
pounds per second. 

Gome fuel system instabi l i t ies  occurred during the initial portion 
of some of the-runs made. It is believed that these instabi l i t ies  o r i g i -  
nated in  the heat exchanger. Hawever, further research is required t o  
fully understand the mechaniem of the instabi l i t ies  and their relation t o  
other fuel  system components.  Although previous liquid-hydrogen fuel 
systems have been very unstable, the instabilities  associated with t h i s  
fuel  system were of small enough  magnitude  and duration t o  permit flight 
operat  ions. .. . . . - -  

Lewis Flight  Propulsion Labmatory 
NatioI1El.l Advisory Committee for Aeronsutica 

Cleveland, Ohio, June 14, 1957 
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I 

A, air-side  heat-transfer  area, sq ft 

A, air-side  free-flow  area, sq ft 

4 fuel-side  heat-transfer mea, sq ft 

A,=r heat-exchanger frontal area, sq ft 
- 

C P specific  heat, Btu/( lb) (%) 

AT- 
E cooling  effectiveness eL 

Ta,Z - Tf 
f friction  factor 

G 

Q 

H 

EL 

h, 

hf 
i 

L 

P 

pr 

weigh% flow rate per unit area, lb/(hr) (sq f t) 

acceleration due to  gravityt  ft/sec 2 

enthalpy,  Btu/lb 

-tent  heat of vaporization, Btu/lb 

slr-side  heat-transfer  coefficient,  Btu/(hr) (sa ft) (?F) 

fuel-side  heat-transfer  coefficient,  Btu/(br) (sq ft) (9) 

length of core parallel to airflow, ft 

lllaximm number of heat-transf er units 

total prebsure, lb/sq ft abs 

Prandtl  number 

P static  pressure, lb/sq ft ab8 or lb/sq In. abs 

Re  Reynolds number 

rh hydraulic radius 

T indicated  temperature, OR 
- 
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U 

W 

6 

90 
e 

P 

P 

s2 
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over-all heat transfer  coefficient, Btu/(hr) (sq f t )  (OR) 

weight flow 

ra t io  of m e t  total pressure t o  NA.&I standard sea-level pressure 

.. - 

- - 

over-all-fln  efficiency 

ratio of inlet  t o t a l  temperature t o  MCA standariLsea-level 
temperature 

absolute  viscosity, ~b/(hr) ( ~ t )  

density, lb/cu f t  

electrical  resistance, o b  
" . - . .  - . .  

Subscripts : 

a. air 

f fuel 

m mean 

W wall 

1 station i n  inletaAr duct for airflow measurement 

. .  

2 heat-exchanger i n l e t  

3 heat-exchanger outlet 



DESIGN CALCUI;A'PIONS 

A s m r y  i s  presented of the  calculations  involved i n  the design 
of the heat exchanger used to vaporize  the  liquid hydrogen for the air- 
craf t   f l ight   tes ts .  The heat exchanger used for these stt~rlies may not 
represent  the optimum design, b u t  the important factore  are  satisfactory 
operation under the  established  flight  codittons,  safety, and the  avail- 
ab i l i ty  of commercial heat-exchanger-core material, A trial-and-error 
series of calculations sFzrrilar t o  that i n  reference 9 was carried  out i n  
an  effort t o  match the  heat-transfer  characteristics of the  core t o  i t s  
air-side  total-pressure loss. The methods of calculation uaed can best 
be i l lust rated by evaluating the resulting core. The f o l l o w i i  candi- 
t f m s  w e r e  specified by the  selection of the flight and engFne operating 
conditions : 

A l t i t u d e , f t .  . . . . . . . . . . . . . . . . . . . . . . . . .  50,000 
Flight Mach number-,.,_ . . . . . . . . . . . . . . . . . . . . . .  0.75 
Inlet air t o t a l  temperature, OR . . . . . . . . . . . . . . . . .  437 
Inlet  air total  pressure, lb/sq f t  ab6 . . . . . . . . . . .  . .  353 
Alti tude static  pressure,  lb/sq f t  abs . . . . . . . . . . . . . .  243 
Fuel flow, lb/hr . . . . . . . . . . . . . . . . . . . . . . . . .  520 
Fuel pressme, l b / q  in. abs . . . . . . . . . . . . . . . . . . . .  55 
Inlet fue l  temperature, ?R (saturated l iquid) . . . . . . . . . . .  46 
Average tube w a l l  temg-ature, ?R . . . . . . . . . . . . . . . .  ~140 
The following  conditions  resulted from the  trial-and-error  calculations: 

Ram airflow, lb/sec . . . . . . . . . . . . . . . . . . . . . . .  1.75 

Integral  finned copper tubes 

Length, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
Inside  Hameter, in. . . . . . . . . . . . . . . . . . . . . . . .  S/EI  
Wall thickness, in. . . . . . . . . . . . . . . . . . . . . . .  0.049 

Fin outside  diameter,  in. 1 

Mean f in  thickness, in. . . . . . . . . . . . . . . . . . . . .  0.024 

Core dimensions (see fig.  2) 

Total number of tubes . . . . . . . . . . . . . . . . . . . . . . .  28 

Width (normal t o  f u e l  and air flows), i n .  . . . . . . . . . . . .  0 %  

Height (parallel  t u  f u e l  flow), in. . . . . . . . . . . . . . . . . .  12 
Length ( p a e l l e l   t o  airflow) . in. . . . . . . . . . . . . . . . . .  7 

Fin spacing, fins/in. . . . . . . . . . . . . . . . . . . . . . . .  7 
l2 . . . . . . . . . . . . . . . . . . . . .  

.I 
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The following areas  are  necessary  to  evaluate the performance of the 
heat exchanger: 

Heat-exchanger frontal area, sq ft . . . . . . . . . . . . . . .  0.813 
Air-side  free-flow area, sq ft . . . . . . . . . . . . . . . . . .  0.386 
Air-side  heat-transfer area, sq ft . . . . . . . . . . . . . . . .  45.9 
Fuel-side  heat-transfer area, sq ft . . . . . . . . . . . . . . . .  4.6 
Air-side  hydraulic radius, ft . . . . . .  :. . . . . . . . . .  0.0049 

. . . . . . . . . .  

Over-All  Heat-Transfer  Coefficient  Needed  to  Vaporize A l l  Fuel 

The over-all  heat-transfer  coefficient  necessary  for  ccnuplete vapor- 
ization of the  fuel  required  by  the  engine was calculated from’the reh- 
tion  between  heat-exchanger  effectiveness E and the maximum number of 
heat-transfer  units NTU. This  relation w a s  obtained From reference 9 
for a crossflaw  evaporator and is reproduced Fn figure 16. To use this 
relation  the  air  temperature drop was calculated frm a heat  balance: 

The  latent heat of vaporization of liquid hydrogen, obtained fram ref- 
erence 10, is E 9  Btu/lb  at 46O R. 

Thus, 

and 

Then, f im figure 16, 

from which  the  over-all  heat-transfer  coefficient  based on the  air-side 
heat-transfer area was calculated: 

ua = 0-15xl*75x3600xo*24 = 4.95 B.FU/(hr) (sq ft) ( O R )  45.9 
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Over-All Heat-"fer Coefficient  Calculated frm 

Expected A i r -  and Fuel-Side Film Coefficients 

The over-all  heat-transfer  coefficient expected f o r  the particular' 
core geometry and operating  conditions was calculated from the air- and 
fuel-side film coefficients by using the following equation: 

1 
" " 

I 
Ua soha h, 

+- 

Although the  core of this heat exchanger was not  exactly like any 
of those included in reference 9, its air-side  heat-transfer  character- 
i s t i c  was estima.ted fram that data and the air-side Reynolds  number. 
The Reynolds number was calculated as follows: 

Re = "' 4~0.0oQ9X1.75~3600 = 8900 
P - 0.386XO. 036 

- 

mere the viscoslty p of a i r  was takerfrm reference 11 at the 
average air temperature 408O R, the  air-side  heat-transfer  character- 
i s t i c  (bAc /wacp ,a )  (Pr)'% was es tha t ed  t o  be 0.004 from reference 9. 
The air-side film coefficient wa6 then  calculated: 

h , =  0~004x1~75x3600x0~24 0.386X0.815 = 19.2 Btu/(hr)(sq ft)('R) 

The value of Prandtl number F'r was taken f rm  reference ll at the 
average a i r  tesrp'erature. 

The over-all f L n  efficiency so is a function of the geometry of  
the  core and the  air-side f i l m  coefficient. A value of the fin ef f i -  
ciency f o r  t h i s  core of 0.95 was calculated from the data i n  reference 9 .  

The fuel-side film coefficient w a s  estimated from the hydrogen pof- 
boil ing data of reference 7 and the average t a p e r a t m e   U f e r e n c e  be- 
tween the  tube wall and the fuel. The average wall temgerature was 
calculated from the  air-side,film  coefficient as follows: 
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c 

T, F 309’ R 

The fuel-side  film  coefficient was estimated  to  be 71.5 Btu/(hr) (sq r t >  
(9). Substituting  these values I n t o  equation (B3) yield6 

1 
1 1 
-=e + - 71.5 = 0.0548 + 0.139 4.6 
U, 0.95Xl9.2  45.9 

- 

and Ua = 5.15 BtU/[hr) (Sq ft) (%). 

Gomgarison of the over-all heat-transfer coefficient required to 
vaporize all the  fuel and the  over-all  coefficient  calculated fram the 
expected  air- and fuel-side  film.coefficfents i idicated that  the  core 
selected would be sllghtljr conservative. 

Air-Sfde  Total-Pressure Loss 

The- following equation was .geed ta calculate  the  alr-side total- 
pressure 108s .of the heat. exchanger: 

A friction factor. f of 0.017 was estimated fram the data pre- 
sented a r  similar heat exchangers in reference 9. Because  the Mach 
numbera  entering and leaving the  heat exchaqer were below 0.2, it was 
assumed. the static and t o t a l  pressures  were  equal.” W i t h  these assump- 
t i ons  a total-pressure loss of 53 lb/sq ft was calculated.  Since the 
difference  between  total and static  pressures in flight was 2.10 
lb/sq ft,  this  core m s  considered satisfactory. 
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Figure 2. - Schematic diagram of heat exchanger. - 
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Figure 3. - Inlet a i r  side of heat exchanger. - 
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Figure 6. - Circuit  diagram fo r  carbon resistor probe. 
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Figure 7. - Locatioa of heat-exchanger iuetrumentatlon. 
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Figure 9. - Ratio of heat l o s t  by air to   l a t en t  heat of vsporlzation of 
fuel. - 
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Figure LO. - Fuel t e q e r a t u r e  rise. 
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Figure 11. - Average wall temperature f o r  air in le t  and outlet  banks of  
tubes .  
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Figure 13. - A i r - s i d e  temperature drop. 
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Figure 14. - Wall temperature  gradients for air i n l e t  and out le t  banks of 
tubes . 
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Figure 15. - A l r  temperature at inlek and outlet of heat exchanger. 
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Figure 16. - Relation of cooling effectiveness to quantity NTU for crossflow 4 

evaporator (ref. 9 ) .  
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